Gene duplication at various scales, from single gene duplication to whole-genome (WG) duplication, has occurred throughout eukaryotic evolution and contributed greatly to the large number of duplicated genes in the genomes of many eukaryotes. Previous studies have shown divergence in expression patterns of many duplicated genes at various evolutionary time scales and cases of gain of a new function or expression pattern by one duplicate or partitioning of functions or expression patterns between duplicates. Alternative splicing (AS) is a fundamental aspect of the expression of many genes that can increase gene product diversity and affect gene regulation. However, the evolution of AS patterns of genes duplicated by polyploidy, as well as in a sizable number of duplicated gene pairs in plants, has not been examined. Here, we have characterized conservation and divergence in AS patterns in genes duplicated by a polyploidy event during the evolutionary history of Arabidopsis thaliana. We used reverse transcription-polymerase chain reaction to assay 104 WG duplicates in six organ types and in plants grown under three abiotic stress treatments to detect organ-and stress-specific patterns of AS. Differences in splicing patterns in one or more organs, or under stress conditions, were found between the genes in a large majority of the duplicated pairs. In a few cases, AS patterns were the same between duplicates only under one or more abiotic stress treatments and not under normal growing conditions or vice versa. We also examined AS in 42 tandem duplicates and we found patterns of AS roughly comparable with the genes duplicated by polyploidy. The alternatively spliced forms in some of the genes created premature stop codons that would result in missing or partial functional domains if the transcripts are translated, which could affect gene function and cause functional divergence between duplicates. Our results indicate that AS patterns have diverged considerably after gene and genome duplication during the evolutionary history of the Arabidopsis lineage, sometimes in an organ-or stress-specific manner. AS divergence between duplicated genes may have contributed to gene functional evolution and led to preservation of some duplicated genes.
Introduction
Genome duplication (polyploidy) has been a common phenomenon among eukaryotes of various groups, including plants, animals, and some single-celled eukaryotes. Two rounds of polyploidy are inferred to have occurred during the early evolutionary history of vertebrates (reviewed in Van de Peer et al. 2009 ), and certain lineages, such as ray-finned fish, have experienced an ancient whole-genome (WG) duplication during their evolutionary history (reviewed in Meyer and Van de Peer 2009) . Among flowering plants, multiple ancient polyploidy events have occurred during angiosperm evolution and most lineages have experienced at least one round of polyploidy (e.g., Blanc and Wolfe 2004b; Cui et al. 2006) . Polyploidy is an ongoing process in plants, and many plant species are cytologically polyploids, having experienced an evolutionarily recent polyploidy event. Segmental duplication of regions of a chromosome, tandem gene duplication, and duplicative retroposition also have contributed to the large number of duplicated genes in plant genomes. Over time, many duplicated genes are lost and some of those that are retained gain new functions and/or expression patterns (neofunctionalization) or subdivide their functions and/or expression patterns between them (subfunctionalization).
Expression studies of genes duplicated by ancient WG duplication events, including those during the evolutionary history of the Brassicaceae and the Poaceae families, as well as other types of duplicated genes in plants, have revealed considerable divergence in expression patterns among different organ types, developmental stages, and in response to abiotic and biotic stress conditions (Haberer et al. 2004; Blanc and Wolfe 2004a; Casneuf et al. 2006; Duarte et al. 2006; Ganko et al. 2007; Ha et al. 2007; Yim et al. 2009; Zou et al. 2009 ). The divergence in expression patterns, along with asymmetric rates of sequence evolution between some pairs, have been interpreted as evidence of functional divergence (e.g., Blanc and Wolfe 2004a) .
A fundamental aspect of the expression of many genes is alternative splicing (AS). AS creates multiple forms of mature messenger RNAs (mRNAs) from a single precursor mRNA by using different 5# and/or 3# splice sites. There are multiple types of AS, including exon skipping where an exon is excluded from the mature mRNA, intron retention in which a complete intron remains in the transcripts, and AS at the 5# end of an intron (alternative donor) or the 3# end (alternative acceptor) (reviewed in Reddy 2007; Barbazuk et al. 2008) . More than one intron in a transcript can be affected by AS to create multiple mature mRNAs that are differently spliced. Despite the importance of AS to gene expression, the conservation of AS patterns after WG duplication remains unknown, and AS events for a sizable set of duplicated gene pairs have not been examined and compared in plants.
In this study, we investigated the evolutionary conservation and divergence of AS patterns in genes duplicated by polyploidy during the evolutionary history of the Arabidopsis lineage approximately 35 million years ago, after the divergence of the Brassicaceae from the Cleomaceae (Simillion et al. 2002; Blanc et al. 2003; Schranz and Mitchell-Olds 2006) . WG duplicates provide a good system to investigate changes in AS patterns of duplicated genes because of their simultaneous formation. We compared the presence/ absence of AS events between genes in a WG duplicate pair by reverse transcription-polymerase chain reaction (RT-PCR) for 104 genes using multiple organ types and three abiotic stress treatments to detect organ-and stress-specific AS patterns. Also we studied 42 genes duplicated in tandem. Considerable divergence has occurred in AS events, some of which is organ or stress specific, following gene and genome duplication in the Arabidopsis thaliana lineage. Some of the AS changes likely cause alterations in function.
Materials and Methods

Plant Growth, Stress Treatments, and Nucleic Acid Extraction
Arabidopsis thaliana (Columbia ecotype) were grown in soil with a photoperiod of 16-h light and 8-h dark at room temperature (22 ± 3°C). Cauline leaves, bolt stems, rosette leaves, roots, siliques, open flowers, and flower buds were collected at about the same time of day to minimize circadian effects, and samples were frozen in liquid nitrogen. Three sets of tissue from different plants were collected as biological replicates with several plants used per replicate. Three stress treatments were performed: Cold stress was done at 4°C for 72 h; heat stress was done at 38°C for 6 h, as in Palusa et al. (2007) ; and drought stress included no water for 1 week and then drying in a fume hood for 24 h. Organ harvesting was done at the location of stress treatment, and tissue was frozen with liquid nitrogen.
Gene Choice and Primer Design
Gene pairs were selected from the Blanc data set of approximately 2,500 alpha WG duplicate gene pairs (Blanc et al. 2003 ) from a list provided in Blanc and Wolfe (2004a) . At the time this project was started, it was estimated that about 22% of genes in A. thaliana undergo AS of one or more intron in one or more organ type or growth condition (Wang and Brendel 2006) . To avoid potentially assaying a large number of gene pairs with no AS that would be uninformative in terms of AS conservation between duplicates, we selected gene pairs in which at least one gene in the pair showed evidence for AS in available complementary DNA (cDNA) and expressed sequence tag (EST) data. The Alternative Splicing in Plants database (Wang and Brendel 2006; 30 June 2007 update) and AceView (Thierry-Mieg and Thierry-Mieg 2006; October 2008 update) were used to find introns in the genes that are alternatively spliced. Those databases contain full-length cDNA sequences and partial ESTs from different types of libraries, but neither is comprehensive with respect to AS forms. In addition, a few gene pairs were genes where AS in one gene in a pair was assayed in Ner-Gaon et al. (2004) using transcripts associated with ribosomes. Gene pairs were selected without knowledge of the AS status of the other duplicate, except when the first duplicate in a pair did not show AS among the available cDNA sequences (although it could show AS that was not detected in the EST collections). Also we had no prior knowledge of the organ-and stress-specific AS of the gene pairs. We disregarded any ESTs in which all introns were retained because they might represent unspliced transcripts. The number of ESTs showing a particular AS event compared with the total number of ESTs in that region is shown in supplementary table S1, Supplementary Material online. Some of the assayed gene pairs did not show AS in the organ types or conditions used in this study, presumably because the AS was present in a different organ or growth condition (such as hormonetreated callus) and those genes were discarded because they were uninformative about AS.
Primers were designed to be specific to each gene in a pair, and they were searched against the genome of A. thaliana to determine if they would likely amplify other paralogs. Primer sequences are listed in supplementary table S2, Supplementary Material online.
Nucleic Acid Extraction, RT, and Gene Amplification and Sequencing
Total RNA was extracted with Trizol (Invitrogen) for most organs and hot borate extraction (Wan and Wilkins 1994) for siliques. RNAqualityand integritywas checked on agarose gels, and the concentration was determined with a spectrophotometer. Genomic DNA was extracted using the Qiagen DNeasy kit. RNA was treated with DNase I (New England Biolabs) according to the manufacturer's protocol to remove genomic DNA. The DNase-treated RNA was used in RT reactions with M-MLV reverse transcriptase (Invitrogen) according to the manufacturer's instructions with oligo dT used as a primer to prime on poly(A) tails of transcripts.
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PCRs were set up as in Liu and Adams (2008) and 30-35 cycles of PCR were carried out with the following conditions in each cycle: 96°C for 10 s, annealing at the optimal annealing temperature for 30 s, and 72°C for 30 s. The annealing temperature for each gene was optimized using a gradient beforehand. A negative control with water instead of template was used to ensure all reagents were free of DNA contamination. PCR products were run on 1.5% agarose gels for band separation and stained with ethidium bromide for visualization. Gels were scored based on presence or absence of bands of the expected sizes. Some of the RT-PCR products that showed only one band on the gel were directly sequenced to confirm the presence of a single PCR amplicon. RT-PCR products with less than 20 bp difference between splice forms were resolved by direct sequencing to determine if one or two splice products were present. Some bands representing putative AS products, as well as unexpected bands, were cut out of the gels, and a gel extraction kit (Qiagen) was used to elute the DNA. PCR products were sequenced using BigDye Version 3.1 (Applied Biosystems) and run on an ABI 3730 DNA sequencer.
Sequence Alignment and Phylogenetic Analysis
TransAlign (Bininda-Emonds 2005), an amino acid-based alignment for coding DNA sequence, was used to align the sequences of the sulfate transporter genes. Maximum parsimony in PHYLIP was used for phylogenetic analysis. Bootstrapping of 100 replicates was performed using PHYLIP bootstrap with the neighbor-joining algorithm.
Domain and Gene Ontology Analyses
Protein domain analysis was performed using the Conserved Domains Database at National Center for Biotechnology Information (NCBI) (Marchler-Bauer and Bryant 2004;  http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml), Pfam (Finn et al. 2008 ; http://pfam.sanger.ac.uk/), PROSITE (Hulo et al. 2006 ; http://ca.expasy.org/prosite/), and SMART (Letunic et al. 2009 ; http://smart.emblheidelberg.de/). Gene ontology (GO) analysis was done using GOEAST (Zheng and Wang 2008 ; http://omicslab .genetics.ac.cn/GOEAST/).
Results
Comparisons of AS Events between WG Duplicates in Multiple Organs
We used RT-PCR to individually assay conservation of AS patterns in a set of 52 WG duplicate pairs identified in Blanc et al. (2003) . The vast majority of AS events assayed were intron retentions, which is the most common type of AS in plants (Wang and Brendel 2006) . Some of the alternatively spliced introns are flanked by exons in the coding region, whereas others are located in the 5#untranslated region (UTR) or 3#UTR. Primers for RT-PCR were designed to amplify a region containing one or more putative AS event(s). An AS event is a single case of AS, such as retention of a single intron. The primers were designed to not crossamplify other duplicates in the genome.
RT-PCR was used to evaluate the AS events in six organ types because AS in plants can be organ specific (e.g., Palusa et al. 2007; Simpson et al. 2008) . Rosette leaves, roots, bolt stems, cauline leaves, whole flowers, and green siliques were examined, with two replicates of each organ type. In most cases, the presence or absence of splice forms was identical between replicates; those few that were not identical were examined in a third replicate. Examples of RT-PCR gels showing AS events are shown in figure 1 . Some of the RT-PCR products with a single splice form on the agarose gels were directly sequenced to verify the presence of only a single amplicon (e.g., genes shown in fig. 2 ).
The same AS event (e.g., retention of the same intron) was found in only one of the two WG duplicates for 33 gene pairs; both WG duplicates showed the same AS event in 21 gene pairs; both conserved and nonconserved AS events were seen in 4 gene pairs; and neither WG duplicate showed AS in the region examined for 1 gene pair (although there was AS after stress treatment, below) (tables 1 and 2). Among the 21 gene pairs with the same AS event in both WG duplicates, coexpression of both transcript isoforms in different organs between the two genes was found for 11 gene pairs. Thus, although the splice form is conserved when comparing some organs, regulation of the usage of that splice form is different between the two genes. Complete conservation of the assayed AS event(s) in all organs examined in both WG duplicates was found for 10 gene pairs and 11 AS events (i.e., retention of a single homologous intron in both WG duplicates), whereas divergence between the genes pairs was found for 48 AS events (table 1) .
Conservation of AS events between WG duplicates was organ specific in some cases (tables 1 and 2 and supplementary table S3, Supplementary Material online). For example, a pair of protein kinase genes (At1g18160 and At1g73660) showed retention of intron 2 in both genes in vegetative organs, but in flowers and siliques, only At1g18160 showed retention of the intron. A second example is a pair of genes for nucleic acid-binding proteins (At1g48920 and At3g18610) where both pairs showed retention of intron 1 in siliques and bolt stems but only At3g18610 shows retention of the intron in the other examined organs. Complete partitioning of AS was discovered in a pair of ADP-ribosyltransferase genes where only At1g32230 retained intron 3 and only At2g35510 shows skipping of exon 4.
Many of the AS events in the studied genes introduce premature stop codons that would disrupt the reading frame if the transcripts are translated. In some of the duplicated gene pairs, an AS event in one of the genes creates a premature stop codon that results in a truncated protein that would be missing one or more functional domains or portions of functional domains, if the transcripts are translated ( fig. 3 ). For example, gene At1g32230, an ADP-ribosyltransferase, has a skipped exon form that alters Zhang et al. · doi:10.1093/molbev/msq054 MBE the reading frame and has a premature stop codon that causes loss of part of the ADP-ribosyl superfamily domain; the skipped exon form was not found in its duplicate At2g35510. Gene At3g56400 (WRKY70), a DNA-binding protein, has an intron-retained form that causes loss of the WRKY superfamily domain, presumably resulting in loss of DNA-binding function; in contrast, the intronretained form was not detected in its duplicate At2g40750. In other cases, a premature stop codon does not result in the loss of any currently recognized functional domains; however, there could be loss of functional domains that have not yet been characterized in plants.
AS in WG Duplicates after Abiotic Stress Treatments
Abiotic stresses are known to cause changes in AS patterns in plants (e.g., Iida et al. 2004; Palusa et al. 2007) . It is possible that pairs of WG duplicates that did not show conservation of AS events under regular growing conditions could show the same AS events under abiotic stress conditions or vice versa. To evaluate that possibility, we assayed AS patterns of the 52 gene pairs in plants treated under three abiotic stresses-cold, heat, and drought. Some splicing variants that were present under regular growing conditions were not present after one or more of the stress treatments, whereas in other cases, a gene produced a new splicing variant in the stress-treated plants in one or more organs (fig . 1 and table 1 and supplementary  table S4 , Supplementary Material online). In a few cases, there was a shift from one splicing variant to another. In a pair of ATP synthase genes, At5g55290 but not At4g26710 showed a retained intron form under regular growing conditions but At4g26710 and not At5g55290 showed the retained intron form after each of the three stress treatments (fig . 1 and table 1 and supplementary  table S4 , Supplementary Material online). Another example is an RAD23 DNA repair gene (At1g16190) that showed only a retained intron form in rosette leaves subjected to heat and drought stress but only the non-intronretained form under regular growing conditions, whereas both forms were present in leaves of cold-stressed plants. Alternative Splicing in Duplicated Genes · doi:10.1093/molbev/msq054 MBE There were seven gene pairs that did not show conservation of an AS event (e.g., a retained intron form in transcripts from one gene but not the other) under regular growing conditions but did show the same AS event (i.e., the transcripts from both genes retained the intron) after one or more stress conditions. In a pair of IF-3 translation initiation factor genes, At4g30690 retained intron 6 under all conditions, whereas At2g24060 retained intron 6 under all three stresses in most organs but not under normal growing conditions ( fig. 1) . Between a pair of lipoamide dehydrogenases At1g48030 and At3g17240, At1g48030 showed retention of intron 2 under all conditions but At3g17240 showed retention of intron 2 only under the three stress conditions in some organs. Thus, AS events were conserved between WG duplicates only after abiotic stress treatments in the two cases previously mentioned. Conversely, a pair of genes of unknown function (At1g70100 and At2g24160) showed AS conservation between WG duplicates only under normal conditions and not under any of the three stress conditions. In addition, one gene pair showed AS in both duplicates under stress conditions but in neither duplicate under normal conditions. A few WG duplicate gene pairs showed opposite splice forms in each gene under stress compared with each other. Examples of those genes include a pair of genes with unknown function (At1g16840 and At1g78890) in cold-stressed plants where At1g78890 showed only a retained intron form and At1g16840 showed only the nonretained intron form and a pair of genes for RAD23 DNA repair proteins (At1g79650 and At1g16190) under heat and drought stresses in rosette leaves where At1g16190 showed only an intron-retained form and At1g79650 showed only the non-intron-retained form (supplementary table S4, Supplementary Material online). All the above-mentioned examples indicate how the apparent conservation and divergence of AS events in WG duplicate gene pairs can vary by growing conditions.
AS Divergence in Tandem Duplicates
In addition to the WG duplicates, we assayed 21 pairs of tandem duplicates, identified in Haberer et al. (2004) .
RT-PCR was performed using RNA from six organs (rosette leaves, roots, bolt stems, cauline leaves, unopened flower buds, and mature opened flowers) and in response to heat and drought stress treatments. Of 21 tandem pairs, 11 showed an AS event in only one gene in the region analyzed and 9 showed AS in both genes (table 1) . Among the gene pairs with the AS event in both genes, the AS patterns were the same in all six organs in five pairs and showed different organ specificity in four pairs (tables 1 and 3 and supplementary table S5 , Supplementary Material online). Thus, like the WG duplicates, there has been considerable divergence in AS events between the tandem duplicate genes that were assayed.
We also examined AS in plants grown under two abiotic stress treatments to determine if any genes with diverged AS patterns between duplicates under normal growing conditions had the same AS patterns between duplicates after stress treatment or vice versa. Thirteen WG duplicates showed the same AS event in both duplicates under one or both stresses with seven having AS in the same organs and six having AS in different organs. In contrast, nine gene pairs showed an AS event only in one duplicate. Two pairs, At1g78380 and At1g78370 coding for glutathione transferases along with At3g22231 and At3g22240 that have unknown functions, showed an AS event in one gene only after one or both stress treatments. The abiotic stress treatments affected the perceived AS conservation between duplicates in four pairs of duplicates (table 3) . In three cases, only one gene in the pair had the AS form under normal growing conditions but both genes had the AS form after one or both stresses.
Several of the AS events in the tandem duplicates introduce premature stop codons that would disrupt the reading frame if the transcripts are translated. In some of the duplicated gene pairs, an AS event in one of the genes creates a premature stop codon that results in a truncated protein that is missing one or more functional domains, or portions of functional domains, if the transcripts are translated (figs. 3 and 4). For example, gene At5g06860, which codes for a polygalacturonaseinhibiting protein, contains a retained intron that results in premature stop codon formation that would result in loss of some of the leucine-rich repeats. Gene At1g78000, coding for a sulfate transporter, has a retained intron form that results in loss of part of the STAS (Sulfate Transporter and AntiSigma factor antagonist) functional domain, whereas its duplicate At1g77990 does not have that form (fig. 4) .
Finally, we examined AS in two subgroups of the sulfate transporter family that contain both tandem duplicates and WG duplicates that were part of this study to look at the evolutionary dynamics of AS in the family. At1g22150 and At1g78000 are WG duplicates, and genes At1g77990 and At1g78000 are tandem duplicates; At1g78000 is both a WG duplicate and a tandem duplicate. Of the five genes only At1g78000 retains the final intron ( fig. 4A ), suggesting gain of the AS event in this gene after WG duplication. The results of our RT-PCR experiments indicate that considerable divergence in AS patterns has occurred between many of the genes duplicated by the most recent polyploidy event during the evolutionary history of the Arabidopsis lineage, as well as between many of the tandem duplicates that were examined in this study. Thus, changes in AS patterns are an important aspect of the evolution of WG duplicate and tandem duplicate pairs, in addition to the previously documented changes in expression patterns (as reviewed in the Introduction). Several different types of AS events have been gained or lost, including retained introns, alternative donors and acceptors, and skipped exons. In some cases, the perceived conservation or lack of conservation of a splice form between duplicates varied among organ types or in response to abiotic stress treatments, indicating that AS regulation has changed between the duplicated genes. Particularly interesting in this regard are genes where an AS event is conserved between WG or tandem duplicates only under one or more abiotic stress treatments and not under normal growing conditions, showing that regulation and apparent conservation of AS between duplicated genes can be affected by stress treatments. Those genes have a variety of functions, including a transcription initiation factor, a lipoamide dehydrogenase, a phosphatidate phosphatase, and a polygalacturonase-inhibiting protein, among others. The opposite effect, AS conservation under normal growing conditions but not under the tested stress conditions, also was observed. A few of the WG and tandem duplicate pairs have conserved AS events in all organs and stress conditions examined (tables 2 and 3). It is possible that no changes in regulation of AS have occurred in those genes or it is also possible that there is divergence in AS in organs, developmental stages, or under abiotic or biotic stress conditions not examined in this study.
We examined a small fraction of genes duplicated by the alpha polyploidy event and the tandem duplicates in several organ types and under two to three different abiotic stress conditions using a sensitive RT-PCR approach. An advantage of this approach is the precision by which AS patterns are assayed compared with analyzing EST databases that are incomplete in regard to AS and highly heterogeneous and unequally sampled in terms of tissues, organ types, and growth conditions. A disadvantage is that our data set may or may not be completely representative of the two classes of duplicates as a whole. The WG duplicate genes we assayed were relatively evenly sampled in terms of gene classes as defined by GO categories (supplementary tables S6 and S7, Supplementary Material online). That is, the top 12 GO categories in our data set were mostly among the top 12 in the entire WG duplicate data set. In contrast, our tandem data set appears to be less representative of the GO categories, with only some of the top categories also being among the top in the entire data set (supplementary tables S8 and S9, Supplementary Material online). There has not been a systematic study of the amount of AS in each GO category in A. thaliana and thus it is unknown if some GO categories have more AS than others. There are no indications that not having a completely representative sample of genes, from a GO category perspective, would bias our inferences about conservation of AS patterns between duplicates in a pair. We think that the general patterns of divergence between duplicated genes, as well as the general patterns in different organs and under the abiotic stress conditions, are likely to be relatively applicable across the WG duplicates, but future studies of all alpha WG duplicates and tandem duplicates that assay several organ types and stress conditions using sensitive detection methods will be needed for a full characterization. Future studies also could examine the amounts of transcripts with particular AS forms by quantifying the amounts of each form relative to the completely spliced transcripts. That information may be helpful in inferring which splicing events represent true AS and which might represent incomplete splicing that could be present at low levels. Also the use of ribosome-associated transcripts would be helpful in that regard.
We included some tandem duplicates in this study to determine if extensive divergence in AS patterns between duplicates is unique to the WG duplicates. Our data indicate that it is not. Our sample size of 42 duplicate genes is likely too small to make accurate comparisons of the frequency of AS conservation in WG duplicates compared with tandem duplicates in general, except to say that the patterns we saw are roughly comparable, as seen in table 1. It would take a much larger sample size, preferably all tandem and WG duplicates in the genome, to make thorough MBE comparisons and to determine if the amount of AS divergence is proportional to the time since duplication. Future analyses of transcriptome data generated by secondgeneration sequencing may provide the opportunity to examine AS conservation and divergence between most or all duplicate gene pairs in the genome of A. thaliana and other plants.
Effects of AS Divergence on Gene Regulation and Function
Many of the AS events that differ between duplicates among the genes we assayed create a premature stop codon within the transcripts. In several cases, the protein would be lacking one or more functional domains if the transcripts are translated, probably resulting in nonfunctional proteins or Alternative Splicing in Duplicated Genes · doi:10.1093/molbev/msq054 MBE proteins with altered functions (fig. 3 ). For example, the retained intron form of At3g56400, a WRKY transcription factor, would lack the WRKY domain. More detailed functional information is available for the sulfate transporter genes Sultr 1;2 and Sultr 2;2 (tandem pairs At1g78000 and At1g77990) along with Sultr 1;3 and 1;2 (WG duplicates At1g22150 and At1g 78000). The retained intron form in Sultr 1;2 includes the last intron before the normal stop codon and retention of the intron creates a stop codon that would result in the loss of about 39 amino acids at the C-terminus within the STAS domain ( fig. 4) . Rouached et al. (2005) showed that deletion of the last 12 amino acids at the C-terminus of Sultr 1;2 resulted in a 100% reduction of sulfate transport when expressed and assayed in yeast. Thus, it appears that the 39 amino acid deletion caused by the intron retention and premature stop codon in Sultr 1;2 results in nonfunctional proteins. Sultr 2;2 and Sultr 1;3 do not have the retained intron form in the organ types and stress conditions examined here; thus, the divergence in AS patterns between duplicates has implications for functional divergence in these gene pairs. Truncated proteins created by translation of alternatively spliced transcripts that contain premature stop codons can have important functions. For example, two transcript forms are produced from the N gene in tobacco, involved in conferring resistance to tobacco mosaic virus: a fulllength form and a truncated form produced from an alternatively spliced transcript that contains a premature stop codon. Transgenic experiments showed that the full-length form by itself does not show complete resistance to the virus, unlike when both forms are present; thus, the truncated form is playing a role in the resistance (Dinesh-Kumar and Baker 2000) . A second example is the disease resistance gene RPS4 in Arabidopsis that has two alternatively spliced forms, each of which results in a premature stop codon and a shorter protein. Zhang and Gassmann (2003) showed that the alternatively spliced forms are necessary, in addition to the full-length form, for RPS4 function. Considering that the alternatively spliced and truncated forms of some gene products are important for function, it is likely that some of the genes in this study with AS that creates truncated forms have as-yet-unknown functions. Thus, some duplicate gene pairs may have experienced functional divergence by gaining, or loosing, an alternatively spliced form in one copy that creates a truncated protein.
Another consequence of a premature stop codon created by AS is degradation of transcripts by nonsensemediated RNA decay (NMD). Wang and Brendel (2006) found that about 43% of AS events in A. thaliana produce candidates for NMD, as defined by a premature stop codon .50 bp upstream of the 3# most exon-exon junction. Thus, many AS forms probably function to downregulate gene expression by transcript degradation instead of being translated into proteins. A recent study of Serine/argininerich (SR) splicing factors in A. thaliana showed that some AS forms were present at higher levels in a mutant for one (Staiger et al. 2003; Schöning et al. 2008) . A second example is the flowering time gene FCA in A. thaliana that controls the transition from the vegetative to the reproductive phase. There are three AS forms of FCA mRNAs produced, none of which encode a full-length protein, and AS of FCA limits the amount of FCA protein, both spatially and temporally, to prevent precocious flowering (Macknight et al. 2002) . Some of the AS forms of the genes in this study may result in downregulation of gene expression that has important functional consequences that have not yet been studied; the functions of only a small number of AS forms have been characterized in plants. Thus, some duplicate gene pairs in this study may have experienced functional divergence by differential regulation of transcript abundance by AS.
Evolution of AS after Gene Duplication
This is the first study of AS events in a large number of duplicated gene pairs in plants. Previous studies have examined AS only in one or two pairs of duplicates or duplicates within a small gene family (Palusa et al. 2007 ). The relation between gene family size and AS was explored in a bioinformatics study that compared the AS frequency in single-copy genes versus gene families in A. thaliana and rice (Lin et al. 2008) . A higher percentage of AS was found in gene families than in single-copy genes, contrary to (Prlić et al. 2005) . The structure is similar to that reported in Rouached et al. (2005) . Locations of alpha helices are shown and correspond with locations in panel (B).
Alternative Splicing in Duplicated Genes · doi:10.1093/molbev/msq054 MBE computational analyses of gene families in mammals and Caenorhabditis elegans, which showed an inverse relationship between AS and gene family size (Kopelman et al. 2005; Su et al. 2006; Hughes and Friedman 2007; Irimia et al. 2008) . Thus, the evolution of AS in gene families may differ between plants and animals or the differing number of cDNA sequences available from each organism and the number of AS events detected might affect the trends. Future studies using RNA-seq data from A. thaliana and other plants may help to resolve the issue. After a gene with two splice forms is duplicated, each copy gene could retain one of the splice forms, which is a type of subfunctionalization involving splice forms. In maize, two genes coding for the small subunit of ADP-glucose pyrophosphorylase without AS correspond to a single gene with AS in other grass species (Rosti and Denyer 2007) , indicating that duplication in the maize lineage was followed by loss of one AS form in each duplicate. In a second case, the ribosomal protein L32 and superoxide dismutase genes are present as a fusion gene and co-expressed by AS in Burma mangrove (Bruguiera gymnorrhiza), whereas in Populus, the two genes were separated after gene duplication (Cusack and Wolfe 2007) . A putative case of partitioning of AS forms was revealed in this study: a pair of ADP-ribosyltransferase genes where a retained intron form was found only in At1g32230 and a skipped exon form was found only in At2g35510. In addition to partitioning of ancestral splice forms, a duplicated gene could gain a new splice form that could result in a new function (neofunctionalization) or changes in gene regulation. New splice forms that are created soon after duplication could be a way for trying out AS forms in one of the duplicates without affecting regulation or function of the other.
What causes AS divergence between duplicated genes? One likely factor is mutations in the gene sequence at bases important for splicing, both within the intron and the surrounding exons. Those regions include exonic splicing enhancers, exonic splicing silencers, intronic splicing enhancers, and intronic splicing suppressors (Reddy 2007) . Such mutations in each gene could lead to differential binding of AS factors, including SR proteins, and differential inclusion or exclusion of certain introns and exons, along with alternative donor or acceptor sites.
Conclusions
In this study, we have assayed AS patterns in a set of WG duplicates and tandem duplicates in several organ types and under multiple abiotic stress conditions. Our results illustrate the patterns by which AS events can diverge between duplicates, including organ-and stress-specific differences. In some cases, the AS divergence affects inclusion of functional domains that may result in functional divergence between the duplicates. Divergence in AS patterns between duplicates is another way in which the expression of duplicated genes can change in plants, in addition to the previously reported changes in transcript levels in different organs, developmental stages, and in response to stress conditions. AS divergence between duplicated genes may contribute to gene regulatory and functional evolution and potentially lead to preservation of some duplicated genes. Future studies of AS in duplicated genes at different evolutionary time scales, including evolutionarily recent polyploids, as well as whole-transcriptome studies of AS in duplicate genes will reveal further insights into how duplicate genes diverge in AS patterns.
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